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Abstract
Objective: Deep brain stimulation (DBS) is an increasingly applied treatment for 
various neuropsychiatric disorders including drug-resistant epilepsy, and it may be 
optimized by rationalizing the stimulation protocol based on increased knowledge of 
its mechanism of action. We evaluated the effects of minutes to hours of hippocam-
pal DBS on hippocampal evoked potentials (EPs) and local field potentials (LFPs) 
in freely moving male rats to further investigate some of the previously proposed 
mechanisms of action.
Methods: Hippocampal high-frequency (130 Hz) DBS was administered for 0, 1, or 
6 min every 10 min for 160 min. Stimulation parameter settings were similar to those 
that had previously been shown to reduce seizures in epileptic rats. EPs and LFPs 
were recorded in the stimulation-free intervals. We investigated both the immediate 
temporary effects of 1 or 6 min of DBS and the effects of 160 min of intermittent 
DBS. Input specificity was investigated by using two different stimulation electrodes.
Results: Relatively low DBS intensities corresponding to only 1.8% of the inten-
sity evoking a maximum EP were required to prevent unintended seizure occurrence 
in healthy rats. Both 1 and 6 min of DBS caused input-specific short-lasting (<60 
s) reductions (5%-7%) of the field excitatory postsynaptic potential (fEPSP) slope 
(P  =  .005). We observed longer-lasting, input-specific EP reductions during the 
160 min intermittent DBS, with statistically significant reductions (3%-4%) of the 
fEPSP slope (P = .009-.018). The LFP spectrogram remained unaltered.
Significance: Deep brain stimulation induced both acute temporary effects compat-
ible with axonal block and/or synaptic depression, and longer-lasting potentially 
cumulative EP reductions, suggesting the involvement of homeostatic plasticity 
or long-term depression. This dual time course may parallel the different temporal 
patterns of improvement observed in clinical trials. The longer-lasting reductions 
provide a potential neurophysiological basis for the use of intermittent DBS—as 
typically used in epilepsy patients—as an alternative to continuous DBS.
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1 |  INTRODUCTION
Deep brain stimulation (DBS) is used as a treatment for various 
neuropsychiatric disorders, including drug-resistant epilepsy. 
Despite extensive research, its mechanism of action remains in-
completely understood, which limits the development of more 
rational and efficacious stimulation protocols. Various hypoth-
eses on its mode of action have been proposed, including de-
polarization block, synaptic depression, synaptic and recurrent 
inhibition, axonal conduction block, overriding pathological 
activity by imposing new (stimulus-locked) activity, desyn-
chronization and suppression of pathological oscillations, neu-
roplasticity, neurogenesis, and neuroprotective effects.1–11
The specific contribution of each of these mechanisms in 
patients treated with DBS remains unclear and could be both 
disease and target specific. Prior studies support the simul-
taneous involvement of different mechanisms.6,7 In contrast, 
other studies reported seemingly conflicting results, high-
lighting the importance of the experimental setup. In this 
context, it should be noted that most of the previous studies 
on the mechanism of action of DBS focused on the basal gan-
glia network and Parkinson's disease, requiring caution when 
generalizing the findings to other targets and diseases.
An interesting technique to further investigate the mech-
anism of action of DBS is the measurement of monosynapti-
cally evoked field potentials (EPs) of a neuronal population 
following administration of an electrical stimulus to its affer-
ent axons. It allows one to measure changes in postsynaptic 
input (field excitatory postsynaptic potential, fEPSP), output 
(population spike, PS), as well as intrinsic excitability (PS-
fEPSP relationship). EPs are thus appropriate to study several 
of the proposed modes of action including synaptic depres-
sion, synaptic inhibition, axonal block, neuroplasticity, and 
depolarization block.
The majority of previous EP studies on the mechanism 
of action of DBS showed short-lasting, strong EP reduc-
tions.7,9,12–18 In some other studies, however, longer-lasting 
but heterogeneous neuroplasticity changes were observed 
including short- and long-term potentiation, as well as long-
term depression (LTD).19–22 All these studies, however, 
only evaluated the effects of seconds to minutes of DBS. 
Furthermore, they were all performed in in vitro prepara-
tions or urethane-anesthetized rats, which could impact the 
obtained effects, especially those relevant for disorders such 
as epilepsy.23,24
The aim of our study was to evaluate the effects of 
high-frequency DBS on EPs in the hippocampus of freely 
moving rats. We decided to target the hippocampus because 
(a) hippocampal DBS previously reduced seizures both in 
humans and rats and (b) the hippocampus has an orderly 
laminated neuronal arrangement allowing the recording of 
high-quality EPs.25–28 We hypothesized that DBS would lead 
to strong EP reductions as demonstrated in the aforemen-
tioned studies.7,9,12–15,17,18 Similar to these studies we inves-
tigated the acute temporary effects of short-term DBS in the 
order of minutes. In addition, we also investigated whether 
longer-lasting and/or cumulative effects occurred with sev-
eral hours of DBS, as effects in clinical trials have increased 
or varied with longer stimulation durations.1,2,25,28–30 We re-
corded hippocampal local field potentials (LFPs) to investi-
gate the occurrence of desynchronization or other changes in 
the spectrogram.
2 |  METHODS
Twenty-one male Sprague-Dawley rats (Harlan Laboratories) 
were treated according to the European Ethics Committee 
guidelines (2010/63/EU). Animals were housed under envi-
ronmentally controlled conditions. The study protocol was 
approved by the Animal Experimental Ethical Committee of 
Ghent University Hospital (ECD 13/63).
2.1 | Surgery
Rats (350-400 g) were anesthetized using an isoflurane/oxy-
gen mixture. Besides two custom-made epidural electrodes 
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Key Points
• Hippocampal deep brain stimulation (DBS) 
causes intrahippocampal evoked potential (EP) re-
ductions with two different time courses in freely 
moving rats
• Short-lasting reductions may be caused by synap-
tic depression and/or axonal block
• Longer-lasting EP reductions indicate DBS-
induced neuroplasticity
• The latter provides a potential neurophysiological 
basis for the efficacy of intermittent DBS typi-
cally used in patients with epilepsy
• Remarkably low DBS stimulation intensities were 
needed to prevent unintended seizure occurrence 
in freely moving rats
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serving as ground/reference electrode, three custom-made 
depth electrodes were implanted (all coordinates in mm): 
a quadripolar recording electrode in the CA1 region (an-
teroposterior [AP] −5.0, mediolateral [ML] +3.0, approxi-
mate depth −3.2), a quadripolar stimulation electrode at the 
Schaffer collaterals (EP stimulation electrode, EpSE; AP 
−3.0, ML 1.5, approximate depth −3.6), and an additional 
bipolar stimulation electrode (AddSE) implanted in prox-
imity to the recording electrode (AP −4.55, ML +2.8, ap-
proximate depth −3.6).31 The recording electrode consisted 
of four twisted polyimide-coated stainless steel wires (diam-
eter of 70 µm, intercontact distance 225 µm). The EpSE and 
AddSE were made of four (intercontact distance 300 µm) and 
two (tip separation 850 µm to span most of the hippocampus 
in the coronal plane) twisted PFA-coated platinum-iridium 
wires (diameter 140  µm; A-M Systems), respectively. The 
depth of the EpSE and recording electrode was adjusted 
under electrophysiological guidance to evoke a maximal 
PS. The upper contact of the AddSE was stereotactically im-
planted in the Schaffer collaterals at the stratum radiatum and 
its depth was adapted individually for each rat based on the 
dorsoventral coordinates of the recording electrode. To char-
acterize the relationship between both stimulation electrodes, 
a paired-pulse protocol was performed with the first pulse 
administered via the AddSE and the second via the EpSE. 
This protocol did not yield paired-pulse facilitation of low-
intensity EPs, indicating that different axons were stimulated. 
Electrode leads were collected in a custom-made connector 
block that was fixed to the skull with anchor screws and den-
tal acrylic cement. Buprenorphine (0.03 mg/kg) and meloxi-
cam (1 mg/kg) were used for postoperative analgesia.
2.2 | Recording and stimulation setup
After a 3-week postoperative recovery period, animals were 
connected to the setup through a commutator allowing free 
movement. LFPs were acquired with an epidural electrode as 
reference. Analog signals were high-pass filtered at 0.1 Hz, 
amplified 248 times, and digitized by a USB-6259 NI-DAQ 
card (National Instruments). EPs were sampled at 20  kHz 
and LFPs at 5 kHz. Electrode impedances were verified with 
a < 30 nA test pulse and remained stable throughout the ex-
periment. They never exceeded 65 kOhm allowing the con-
stant-current stimulators (40 V maximum output) to generate 
up to at least 615 µA currents in all animals.
2.3 | Stimulation parameter settings
Bipolar biphasic charge-balanced square-wave pulses with 
a pulse width of 200  µs were used for EP evocation, un-
less mentioned otherwise. The two electrode contacts of the 
quadripolar EpSE that evoked EPs with the best quality at 
the lowest intensity were chosen as cathode-anode pair. EP 
intensities were scaled in percentage values between the 
threshold to evoke an fEPSP (=0%) and the intensity giving 
rise to the maximum PS amplitude (=100%), as determined 
from input-output curves (0-600  µA). Paired pulses had a 
20 ms interpulse interval.
Deep brain stimulation (frequency 130  Hz, pulse width 
50  µs) was delivered either through the EpSE (same cath-
ode-anode pair as for the EPs) or through the AddSE (upper 
electrode contact as cathode), which allowed study of the in-
put-specificity of the DBS-induced EP changes.
Stimulation intensity was determined individually for 
each rat and set just above the threshold for evoking a clear 
summated fEPSP. This threshold was determined by slowly 
(2 µA increments) increasing the stimulation intensity above 
the single stimulus EP threshold until 130 Hz stimuli evoked 
a clear and consistent summated fEPSP. In previous trials, we 
used 60% of the afterdischarge (=electroencephalographic 
seizure) threshold. Using the summated fEPSP threshold 
in this study—typically observed around this 60% after-
discharge threshold in a pilot study—obviated the need for 
repeated seizure provocation and guaranteed that the hippo-
campal network was indeed recruited. To compare the inten-
sities in the present to previous studies, the summated fEPSP 
and afterdischarge threshold were determined once on the 
same day in the beginning of the experiment.26,27 The latter 
was determined by 10-s DBS trains with gradually increasing 
stimulus intensities (10 µA increments) until seizure activity 
occurred, with a 1-min interval between successive trains.
2.4 | Experimental protocol
The experimental protocol consisted of repetitions of the 
same basic block (Figure 1A). Four baseline blocks without 
DBS were followed by 16 blocks with 0 (sham), 1, or 6 min of 
DBS. An entire block lasted 10 min and started with 0 (base-
line blocks and sham DBS), 1 or 6 min of DBS. During the 
subsequent DBS OFF-time EPs and 18-s long LFP sweeps 
were alternatingly recorded. The first EP was measured 2 (if 
DBS was administered via the AddSE) or 100 ms (DBS via 
the EpSE, longer interval due to hardware limitations) after 
the final DBS pulse, and EPs were then repeatedly evoked 
every 20 s. In total, 12 EPs with four different and alternating 
intensities (10%, 25%, 50%, and 80%; three repetitions) were 
obtained. In this series of 12 EPs, the position of each stimu-
lus intensity trial alternated over successive blocks so that 
every intensity was used equally for every position within 
the block.
The design of the experiment allowed averaging of EPs 
with the same intensity in two different ways. EPs belonging 
to different blocks but with the same position within their 
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block could be averaged (four repetitions per intensity per po-
sition) to study the acute temporary effects 2-100 ms to 220 s 
after 1 or 6 min of DBS. In addition, the design also allowed 
investigation of longer-lasting and potentially cumulative ef-
fects of 160  min of 1/9 and 6/4  min  ON/OFF intermittent 
DBS by averaging EPs with identical intensities belonging to 
the same block (three repetitions per intensity per block) and 
comparing averages over 16 successive blocks.
Five different DBS regimens were delivered: sham DBS 
and 1 or 6 min DBS via either the EpSE or the AddSE. Each 
regimen was repeated twice on separate days and results of 
both days were averaged per rat prior to group level averaging 
to minimize variability. The EP threshold and maximum and 
the DBS intensity were repeatedly determined prior to every 
experiment. To minimize the influence of the behavioral state 
of the animal, the timing of all recordings was the same every 
day (10 am to 4.30 pm ). Animals were asleep most of the 
time.
2.5 | EP analysis
All data were processed using Matlab (MathWorks). The 
fEPSP slope was measured in the stratum radiatum by fitting 
a slope to the falling phase of the fEPSP waveform using the 
least-squares method. The PS amplitude was measured in the 
pyramidal cell layer and defined as the vertical distance be-
tween the negative peak of the PS and the tangent connecting 
the positive peaks before and after the PS (Figure 1B). We 
further calculated the PS amplitude/fEPSP slope ratio and 
paired-pulse (fEPSP slope2/fEPSP slope1) relationship.
2.6 | Spectral analysis
To isolate local activity in the stratum radiatum, the differ-
ence between the signals in the stratum radiatum and the 
upper hippocampal electrode contact recording a PS was 
calculated. A sensitivity analysis using the original signals 
(referenced to the scalp electrode) yielded the same results. 
LFP sweeps excessively affected by artifacts were rejected 
automatically when the total power reached more than 3 SD 
(standard deviations) from the mean. The signals were fil-
tered offline between 2-100 Hz with a first order Butterworth 
filter. Each 18-s LFP sweep was split into 1-s windows over-
lapping by 0.5 s. The fast Fourier algorithm for each 1-s win-
dow yielded 19 power spectra that were averaged to provide 
one power spectrum per LFP sweep.
2.7 | Statistical analysis
Prior to any statistical analysis, all EP outcome measures 
were normalized to their mean baseline values for each in-
dividual rat. Power spectra were normalized to the baseline 
mean total power. Statistical analyses were performed using 
SPSS Statistics 25 (IBM Corporation) and Sigmaplot 11.0 
(Systat Software Inc).
F I G U R E  1  A schematic illustration of the experimental design and overview of the different evoked potential (EP) outcome parameters. 
A, The experiment consisted of repetitions of the same basic blocks, each lasting 10 min. Four baseline blocks (no deep brain stimulation [DBS]) 
were followed by 16 DBS blocks with 0 (sham), 1, or 6 min DBS. Twelve EPs with four different intensities (10%, 25%, 50%, and 80% EPs) were 
recorded every 20 s in the stimulation-free interval, starting 2 or 100 ms after the final DBS pulse. Eighteen seconds of local field potentials (LFPs) 
were recorded in between the EPs. EPs with the same stimulus intensity could be averaged based on their position within each block (eg, “+” vs 
“$” vs “#”) to evaluate the immediate temporary DBS effects. Alternatively, EPs with the same stimulus intensity could be averaged per block 
and compared over successive DBS blocks (eg, “*” (black) vs “*” (purple)) to evaluate longer-lasting and potential cumulative DBS effects. Note 
that, although not the case in the figure because of illustrative reasons, the position of each stimulus intensity trial in the series of 12 EPs alternated 
over successive blocks so that every intensity was equally used for every position within the block. B, The EP outcome parameters evaluated in the 
experiments include the field excitatory postsynaptic potential (fEPSP) slope (ie, fEPSP slope1), the population spike (PS) amplitude, the fEPSP 
slope paired-pulse ratio (ie, fEPSP slope2/fEPSP slope1), and the PS amplitude/fEPSP slope ratio
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A repeated measures two-way analysis of variance 
(ANOVA) was used to evaluate the effects of DBS. The 
repeated measures factors were Time and Stimulation 
Condition (0, 1, or 6 min DBS). A Greenhouse-Geisser cor-
rection was used in cases where the assumption of sphericity 
was violated as indicated by the Mauchly's Test of Sphericity 
(P < .05). Statistical significance was defined as P < .05. A 
Holm-Sidak correction was used for post hoc testing. Values 
are expressed as mean ± standard error (SE), unless other-
wise stated.
3 |  RESULTS
3.1 | DBS intensity
DBS intensity was set just above the summated fEPSP thresh-
old. An example of a summated fEPSP is shown in Figure 2. 
After the initial summation and despite ongoing stimula-
tion, the summated fEPSP decreased in amplitude and faded 
within 100-200 ms after DBS onset. Mean DBS intensity was 
79.0 µA (SD 24.8) for the EpSE and 84.1 µA (SD 23.9) for 
the AddSE. In most rats, application of isolated single pulses 
with the summated fEPSP threshold intensity evoked only a 
barely perceptible deflection that could be distinguished only 
after averaging multiple EPs. DBS intensity was on aver-
age 12.5 µA (SD 9.3) above the single EP threshold (evoked 
with 50-µs pulses) roughly corresponding to 1.8% of the 
maximum EP intensity. With an electrode impedance of up to 
65 kOhm and a maximum stimulator output of 40V, 200-µs 
pulses were required to determine the maximum EP intensity 
after which a 200- to 50-µs pulse width conversion factor of 
2.71 was applied (for more details, see Figure 3).
The summated fEPSP threshold corresponded to 66.2% 
(SD 12.1) of the afterdischarge threshold. Nonetheless, sei-
zures were unintentionally provoked at stimulation onset in 
4.4% of all DBS sessions. Rats with seizures were excluded 
from statistical analysis.
3.2 | DBS and EPs via the same electrode 
(EpSE)
3.2.1 | Immediate temporary effects of 1 or 
6 min of continuous DBS
In freely moving rats (n = 16), administering 1 or 6 min of 
DBS was associated with a small but statistically significant 
short-lasting reduction of the 10% fEPSP slope compared to 
sham stimulation (Condition  ×  Time: F(22,330)  =  2.015, 
P =  .005). The effect size was similar for both DBS dura-
tions, but the effect lasted longer after 6 compared to 1 min 
of DBS. One hundred milliseconds after 1  min of DBS, 
the 10% fEPSP slope was 6.8  ±  2.6% lower compared to 
sham stimulation (P = .002). This effect disappeared within 
20 s (P = .13; see Figure 4A). In contrast, the 4.4 ± 3.0 to 
F I G U R E  2  Representative example of a summated field excitatory postsynaptic potential (fEPSP; red arrows) at the onset of deep brain 
stimulation (DBS; green arrow). The four local field potential (LFP) traces shown correspond to the four contacts of the recording electrode, with 
the second and third contacts being located in the stratum pyramidale and stratum radiatum, respectively. Stimulation artifacts were removed to 
allow a better appreciation of the summated fEPSP. Similar to the 10% fEPSP (right), the summated fEPSP is positive in the stratum pyramidale 
and negative in the stratum radiatum. Note the difference in amplitude between the summated fEPSP and the 10% fEPSP
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5.9 ± 2.5% reduction observed after 6 min of DBS (P = .006-
.045) only disappeared after 60 s (P = .34; see Figure 4B), 
with a statistically significant 6.1 ± 2.2% difference between 
the 10% fEPSP slopes 40  s after 1 vs after 6  min of DBS 
(P = .005).
No significant effects could be demonstrated after either 
1 or 6 min of DBS for all the other EP outcome parameters. 
These include the higher intensity (25%, 50%, and 80%) 
fEPSP slopes, the PS amplitude, the fEPSP slope/PS am-
plitude ratio, and the fEPSP slope paired-pulse relationship 
(see Figure 4C,D for the 50% fEPSP slope and the 80% PS 
amplitude).
There were no immediate temporary effects on the hippo-
campal LFP 2-100 Hz spectrogram after 1 or 6 min of DBS, 
as shown in Figure 5.
3.2.2 | Longer-lasting/cumulative effects 
during 160 min of intermittent DBS
Compared to sham stimulation fEPSP slopes and PS am-
plitudes for all delivered intensities were lower during 
both 1/9 and 6/4 min ON/OFF intermittent DBS (Figure 6). 
Statistical significance was demonstrated for the 50% 
(F(2,450) = 4.459, P = .020) and 80% (F(2,450) = 4.267, 
P  =  .023) fEPSP slopes, the two outcome parameters 
displaying the lowest degree of variance. Compared to 
sham stimulation, 1/9 min intermittent DBS resulted in a 
3.3 ± 0.5% (P = .018) lower 50% fEPSP slope and 6/4 min 
intermittent DBS in a 3.6  ±  0.5% (P  =  .012) lower 50% 
and a 2.5  ±  0.3% (P  =  .009) lower 80% fEPSP slope 
(Figure 6B), respectively.
The 80% fEPSP slope reduction was accompanied 
by a significant reduction in paired-pulse depression 
(F(2,450) = 5.502, P = .009). There were no statistically sig-
nificant changes in the lower intensity paired-pulse ratios or 
in the 50% and 80% PS amplitude/fEPSP slope relationships.
Visual inspection of the time course of the observed ef-
fects could suggest that the longer-lasting effects arose mainly 
after two to three stimulation cycles (Figure 6A,B). However, 
when not incorporating the four baseline measurements, for-
mal statistical testing could not reveal statistically significant 
Time × Condition interactions.
No longer-lasting or cumulative effects could be demon-
strated in the hippocampal LFP spectrogram.
3.2.3 | DBS (AddSE) and EPs (EpSE) 
through different electrodes
To investigate the input-specificity of the changes encoun-
tered, separate experiments were performed with two dif-
ferent electrodes for DBS administration (AddSE) and EP 
evocation (EpSE).
F I G U R E  3  Conversion of 50- to 200-µs pulses. The 2.71 “conversion factor” used to compare 50- to 200-µs pulses was inferred from input-
output curves with 50- and 200-µs pulses in eight rats. Three-parameter sigmoidal curves (f = a/(1 + exp(−(x−x0)/b)) were fitted to the input-
output curves. The stimulation intensities required to reach three different fEPSP slope values in the exponential phase of the curve (0.50, 1.25, 
and 2.00 mV/ms in this example) were compared in input-output curves obtained with 50- and 200-µs pulses. The corresponding ratios (2.68, 2.70, 
and 2.73 in this example) were then averaged (2.70 in this example). This was done for eight rats, yielding a mean 2.71 conversion factor (standard 
deviation 0.22)
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Compared to sham stimulation, EPs evoked via the EpSE 
did not change after administering 1 or 6 min of AddSE DBS 
(n = 15). Even when the first EP stimulus was given 2 ms 
after the last DBS pulse (thus mimicking measuring EPs 
during DBS given the 7.7 ms interpulse interval), no effects 
were found (n = 13).
Similarly, 160 min of 1/9 min or 6/4 min ON/OFF inter-
mittent DBS (n = 15) did not change any of the studied out-
come parameters.
4 |  DISCUSSION
We demonstrated that high-frequency hippocampal DBS 
modifies hippocampal EPs in freely moving rats. We ob-
served a temporary, input-specific, and short-lasting (<20-
60 s) reduction of the 10% fEPSP slope after 1-6 min of DBS. 
Longer-lasting effects not subsiding between successive 
stimulation blocks were observed with 160 min of intermit-
tent DBS. These fEPSP slope reductions indicate a decreased 
postsynaptic input and could contribute to the therapeutic ef-
fects of DBS, for example, the seizure-suppressive effects in 
epilepsy, as fEPSP slope increases have been demonstrated 
in the epileptic hippocampus.32,33 However, more research is 
needed to determine the clinical correlations of the observed 
fEPSP reductions, including potential side effects such as 
memory impairment.34
Previous studies have shown short-lasting temporary re-
ductions of the (f)EPSP, the excitatory postsynaptic current, 
and the PS amplitude after short-term DBS in in vitro prepa-
rations9,12,14,15,17,18 and anesthetized rats.7,13 In analogy to 
our findings, the EP reductions were also typically preceded 
by a short-lasting temporally summated fEPSP at stimula-
tion onset.9,12,14,17,18 This summated fEPSP probably results 
from repeated paired-pulse facilitations due to the successive 
administration of closely spaced stimulation pulses, causing 
(among others) presynaptic calcium accumulation leading to 
increased neurotransmitter release.35
In previous studies, DBS was administered for 1 s to a cou-
ple of minutes and the EP reductions outlasted DBS for 2 s 
F I G U R E  4  Immediate temporary effects of 1 or 6 min of deep brain stimulation (DBS) compared to sham DBS on the evoked potentials 
evoked via the same electrode. Statistically significant reductions were found for the 10% field excitatory postsynaptic potential (fEPSP) slope 
after 1 (A) and 6 (B) min of DBS, but not for the other evoked potential (EP) outcome parameters including the 50% fEPSP slope (C) and the 80% 
PS amplitude (D). Mean normalized values ± standard error of the mean are plotted over time (0.1-220 s after DBS). Significant differences are 
marked with an asterisk
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to several minutes. This is in the same range as in our study. 
However, in contrast to the relatively small 5%-7% reduction 
of the 10% fEPSP slope we observed, the EP decreases in 
these studies were much larger, ranging from 48% to >85%. 
Two factors may explain the difference in effect size.
First, DBS was administered with much higher stimulation 
intensities in the previous studies (eg, intensities evoking a PS 
with 75% of the maximal PS amplitude in Feng et al7,13). In 
our study, the DBS intensity corresponded to only 1.8% of the 
maximum EP intensity. Although this may seem quite low, 
higher intensities seem to be poorly tolerated in the in vivo un-
anesthetized rat as evidenced by the unintended seizure prov-
ocation in 4.4% of all DBS sessions and even higher seizure 
incidences in a pilot trial with higher stimulation intensities. 
Furthermore, our DBS intensities corresponded to 66% of the 
afterdischarge threshold, which is even slightly higher than the 
60% afterdischarge threshold intensity applied in our previ-
ous hippocampal stimulation studies and that was shown to 
significantly reduce seizures in epileptic rats.26,27 Second, our 
first EP was evoked 100 ms after the final DBS pulse. In this 
100 ms time window, partial recovery may have occurred.13 
For example, the antidromic PS reduction diminished from 
80% to 40% within 100 ms after 1 min of 100 Hz DBS, indi-
cating partial recovery of the axonal conduction block.
Various mechanisms that can provoke a temporary reduc-
tion in postsynaptic input have been described in earlier DBS 
literature. From these, neurotransmitter depletion and/or axonal 
conduction block fit best with the temporal dynamics and the 
input-specificity observed in our study.7,9,12,13,15,17,18,35,36 These 
mechanisms probably also prevent a runaway amplification of 
the summated fEPSP at the onset of stimulation. Synaptic inhi-
bition due to activation of GABAergic presynaptic axon termi-
nals is another proposed mechanism of action.5,37,38 Although 
activation of local inhibitory interneurons could contribute to 
the fEPSP reductions observed in our study, the 40-s outlasting 
effect, the input-specificity, and the unchanged paired-pulse 
inhibition are arguments against this mechanism. A fourth pre-
viously suggested mechanism of action that could cause EP 
reductions is depolarization block, induced either synaptically 
or nonsynaptically.3,16,39 The PS amplitude was not influenced 
in our study and we did not find a sustained depolarization as 
shown in these previous studies.3,16 However, compared to 
Garcia et al39 and taking into account differences in the distance 
between the recording and stimulation electrode, our stimula-
tion intensities might have been too low to directly, nonsyn-
aptically influence the voltage-gated currents of the neurons 
surrounding the recording electrode in a significant manner,40 
not excluding this possibility for a smaller proportion of neu-
rons closer to the stimulation electrode.
Besides the acute temporary fEPSP slope reductions, we 
also observed longer-lasting reductions during 160 min of in-
termittent DBS. It is possible that these reductions are due to 
cumulative DBS effects, only becoming apparent over two to 
three successive stimulation blocks, as suggested in Figure 6 
but not confirmed by statistical analysis. Because no trend 
for recovery after the immediate temporary slope reductions 
was observed during the stimulation-free intervals, these re-
ductions are characterized by longer outlasting effects. This 
is in line with previous clinical studies reporting different 
symptoms to be affected by DBS with different time courses. 
For example, in Parkinson's disease, DBS induces nearly in-
stantaneous tremor suppression, whereas other extrapyrami-
dal symptoms might take minutes, hours, or even weeks to 
achieve maximal improvement after DBS onset and fully re-
turn after DBS cessation.1,2,29 These longer outlasting effects 
also provide a potential neurophysiological explanation for 
the efficacy of intermittent DBS—typically used in epilepsy 
and preliminary explored in Tourette's syndrome—as an al-
ternative to continuous DBS.25,28,30,41 From a mechanistic 
point of view they indicate the occurrence of neuroplasticity. 
F I G U R E  5  There were no acute temporary changes in the hippocampal local field potential (LFP) power spectrum (2-100 Hz) after 6 min 
of deep brain stimulation (DBS). The graph in (A) illustrates the evolution of the normalized power spectrum from 1 to 219 s after DBS in 18-s 
epochs. Panel (B) shows more detailed normalized power spectra of the first 18-s epoch after DBS and the mean power spectrum from 1 to 219 s 
after DBS (shaded areas indicate the respective 95% confidence intervals). Statistical analysis could not demonstrate significant differences 
between sham and 6 min of DBS in total (2-100 Hz), theta (4-12 Hz), beta (13-30 Hz), or gamma (31-100 Hz) band power
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We hypothesize that the observed EP reductions following in-
creased neuronal activity provoked by DBS could be due to 
the recruitment of homeostatic plasticity mechanisms aiming 
at keeping overall activity within a certain range by changing 
synaptic strength and/or intrinsic excitability.42 The associated 
increase in the paired-pulse ratio suggests a presynaptic origin 
of the EP reductions.35,43 Presynaptic homeostatic plasticity 
by modulation of presynaptic calcium metabolism and/or the 
readily releasable pool of synaptic vesicles has been demon-
strated previously.44 Another possibility is that the longer-last-
ing changes result from LTD. This type of plasticity is typically 
induced by low-frequency stimulation and mediated by post-
synaptic changes.45 However, LTD following high-frequency 
stimulation and primarily  presynaptically expressed types of 
LTD have been shown.19–22,45 Future studies will be designed 
to investigate these neuroplasticity changes in more detail.
The stimulation protocol used in the present study is based 
on previous experiments demonstrating significant seizure 
reductions in epileptic rats.26,27 To what extent the results 
are generalizable to other stimulation parameters and targets 
needs further research. In this context, it should be noted that 
a trend for decreased EPs was also seen in the sham group 
after 160 min. Whether this results from the repeated 0.05 Hz 
EP stimuli or represents a daytime effect cannot be discrim-
inated by our study design. Although some studies suggest 
superior efficacy of high-frequency hippocampal DBS, an-
tiepileptic effects of low-frequency (albeit typically ≥1 Hz) 
DBS have been demonstrated.46–48
F I G U R E  6  Effects of 160 min of intermittent deep brain stimulation (DBS) with a 1/9 and 6/4 min ON/OFF duty cycle on the evoked 
potentials, compared to sham stimulation. In (A) and (B), mean 25% (A) and 50% (B) fEPSP slope values ± SE are plotted over time. Statistical 
significance is indicated by an asterisk. The table in (C) provides an overview of the effects on all evoked potential (EP) outcome parameters 
evaluated. The F(2,450)-values of the repeated measures two-way analysis of variance (ANOVA) and the corresponding P-values are listed for 
each outcome parameter. Mean differences ± SE (standard error) are given for the different pairwise comparisons. Statistically significant effects 
are marked in bold for the main F-value and the post hoc tests using a Holm-Sidak correction
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In contrast to the reductions in evoked activity, we found no 
changes in the spontaneous LFPs. It is possible that the reduc-
tions in evoked activity were too small to be reflected or no-
ticeable in the spectrogram, or they could be compensated by 
increased input from nonstimulated pathways. We could thus 
not support previous reports suggesting desynchronization to 
be involved in the mechanism of action of DBS.6,10,49 Although 
various studies have demonstrated suppression of pathologi-
cally elevated beta-oscillations with DBS in Parkinson's dis-
ease,1,4 our results are in line with the findings of Dejean et al50 
who also did not find any modification of the LFP spectrogram 
by DBS in healthy rats. Changes in the spectrogram during 
DBS cannot be excluded based on the results of our study.
In conclusion, we showed that hippocampal DBS in freely 
moving rats results into fEPSP slope reductions with two 
different time courses. First, we found short-lasting reduc-
tions after 1-6 min of DBS. These were smaller compared 
to previously reported changes probably because stimulation 
intensity in freely moving rats needs to be remarkably low 
to prevent seizure occurrence. Second, we observed lon-
ger-lasting and possibly cumulative effects with 160 min of 
intermittent DBS. The observed dual effects may parallel the 
different temporal patterns of clinical improvement observed 
with DBS, although this needs further study. The longer-last-
ing reductions provide a potential neurophysiological basis 
for the use of intermittent DBS as an alternative to contin-
uous DBS. This could pave the way for the development of 
disease-tailored stimulation protocols based on the presumed 
dominant mechanism of action. A limitation of our study 
is that we were not able to analyze DBS-induced changes 
during DBS, such as stimulus-locked evoked activity. More 
research is required to investigate whether similar effects can 
be demonstrated in other brain regions, pathological brain 
tissue including epileptic networks, and human subjects.
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